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Abstract: Vibrational Raman effect is widely used in atmospheric lidar systems, but rotational 
Raman present several advantages. We have implemented a new setup in the ultraviolet branch 
of an existing multiwavelength lidar system to collect signal from rotational Raman lines of 
Oxygen and Nitrogen. We showed that, with an appropriate filter wavelength selection, the 
systematic error introduced in the particle optical properties due to temperature dependence 
was less than 4 %. With this new setup, we have been able to retrieve aerosol extinction and 
backscatter coefficients profiles at 355 nm with 1-h time resolution during daytime and up to 
1-min time resolution during nighttime. 
1. Introduction 
Lidar technique is known to be a robust tool for atmospheric research since it provides vertical 
profiles of aerosol particles using one or several wavelengths, with very high spatial and 
temporal resolution. In lidar applications, Raman effect between vibrational energy states of 
molecules (vibrational Raman, VR) is widely used. In particular, Raman scattering from N2 and 
O2 molecules provides additional information to the elastic scattered lidar signal that makes 
possible the independent retrieval of particle extinction ( 𝛼௔ ) and backscatter ( 𝛽௔ ) 
coefficients  [1]. This reduces the errors introduced with Klett-Fernald method for elastic 
lidars  [2,3], since Raman signal constitutes an additional information vector and less 
assumptions must be taken. Moreover, vertical profiles of particle lidar ratio (𝐿𝑅௔) can be 
retrieved and used as an indicator of the aerosol type. Another advantage of Raman method is 
that it can be used to determine the overlap function, an experimental function to correct system 
alignment and unknown parameters  [4]. 
Lidar systems that are part of lidar networks as EARLINET (European Aerosol Research 
Lidar Network)  [5] or LALINET (Latin America Lidar Network)  [6,7] usually measure 
signals corresponding to VR effect, but there are some disadvantages. The Signal-to Noise 
Ratio (SNR) is very low for the power of the lasers commonly used, what makes the retrieval 
of aerosol optical properties quite noisy. In order to increase this SNR, the signals are usually 
collected during certain integration time, resulting in profiles with temporal resolution of 30-
60 min during nighttime. Daytime retrievals are not usually available for VR systems, excepting 
those with very powerful lasers, e.g.  [8]. Furthermore, the significant wavelength shift of the 
scattered radiation (30 -75 nm) is an important source of uncertainty in 𝛼௔ and 𝛽௔ calculation, 
since the spectral dependence of the radiation has to be assumed  [9,10]. 
The issues of VR can be overcome by measuring at wavelengths corresponding to the pure 
rotational energy states (rotational Raman, RR) of the considered molecules. These spectral 
 lines present much higher SNR, thus allowing for detection of much less noisy Raman signals. 
Therefore, they need shorter integration time and the temporal resolution of the obtained 
profiles can be around 1-5 min during nighttime, as it is shown in the present paper. This 
technique allows even for daytime retrievals  [11,12], and in this paper a temporal resolution 
of 60 min is obtained for the optical profiles.  Another advantage is the significantly smaller 
wavelength shift for RR (a few nm) than for VR. This means that the assumption needed in 
Raman inversion method, that particle extinction-related Angström Exponent (𝐴𝐸ఈ) of particle 
extinction equals 1, introduces much smaller 𝛼௔ and 𝛽௔ uncertainties. 
RR measurements have already been used for lidar applications, very often to obtain 
temperature profiles, e.g.  [13–18]. However, when the aim of the lidar measurements is to 
retrieve 𝛼௔ and 𝛽௔ profiles, the temperature dependence of RR lines becomes an issue. This 
has already been overcome using different approaches, like collecting signals from lines with 
opposite temperature dependence  [15,18]. The approach used in this paper was already 
presented by Veselovskii et al.  [10] for 532 nm and by Haarig et al.  [19] for 1064 nm and is 
based on selecting only a part of the spectrum with low temperature sensitivity. The main 
advantage of this method is that the implementation of the RR channel can be done with few 
modifications on an already existing VR lidar. 
This paper is disposed as follows: section 2 contains a description of the Raman lidar system 
where the rotational Raman channel was implemented and the methodology for the retrievals. 
In section 3, an uncertainty analysis is presented together with a test of signal quality. Results 
for diurnal and nocturnal retrievals are shown in section 4, and the final summary and 
conclusions are given in section 5. 
 
2. Instrumental description and methodology 
The new channel was implemented in the multiwavelength Raman lidar system MULHACEN, 
based on a LR331D400 manufactured by Raymetrics Inc. (with several upgrades). This system 
is located at Granada station (37.16ºN, 3.61ºW, 680 m above sea level) and is part of 
EARLINET-ACTRIS (Aerosol, Clouds and Trace Gases Research Infrastructure). It has 
monostatic biaxial alignment pointing vertically to the zenith. The light source is a Nd:YAG 
pulsed laser (Quantel CFR Series) with fundamental wavelength at 1064 nm, and additional 
emissions at 532 and 355 nm using harmonic generators (see Table 1). The radiation is collected 
by a 40 cm-diameter Cassegranian telescope and then split into several detection branches. Due 
to the instrument setup, the incomplete overlap between the emitted laser and the telescope 
field of view limits the lowest possible detection height to 500 m  [20,21]. A full description of 
the instrument before the implementation of the rotational Raman channel can be found in  [22–
25]. 
The detection branch modified for the present study was the ultraviolet (UV) part. In the 
previous configuration, the received beam was split by means of dichroic mirrors (DM) into 
three channels. The signal of each channel was then cleaned with interference filters. The first 
channel corresponded to the elastic signal at 355 nm, and the second and third ones were for 
the VR-shifted signals at 386.1 nm (for N2) and at 407.4 nm (for water vapor). 
  
Fig. 1. Rotational Raman spectral lines (intensity in arbitrary units) of molecular oxygen (red 
line) and nitrogen (blue line) at 300 K, together with interference filter transmittance (black 
line). 
The 386.1 nm interference filter was substituted by a double filter centered in 353.9 nm. 
With this filter, it was possible to detect some lines of the rotational Raman spectra of N2 and 
O2. Fig. 1 shows those spectral lines weighted with the corresponding number density fractions 
in the atmosphere (79% and 21%, respectively) for a laser wavelength of 354.75 nm and a 
temperature of 300 K. The filter transmittance is also included in Fig. 1, to show the lines 
selected by the filter. A new configuration of dichroic mirrors was necessary in order to get 
enough intense signals for all channels. With this new setup (Fig. 2), a total transmittance of 
almost 90% was achieved for the RR channel, without losing elastic and water vapor channels 
signals. A detailed description of the interference filters, dichroic mirrors and of the emission 
system is presented in Table 1. 
 
 
 
Fig. 2. Configuration of the UV detection branch of MULHACEN lidar system. Optical paths are represented by 
arrows and dichroic mirrors (DM) with rectangles. Different wavelength values stand for the corresponding 
interference filters. 
 Table 1. Technical details of some optical elements of MULHACEN emitter system and UV detection branch 
Laser source 
Emitted wavelengths, nm (Pulse duration energy, mJ) 355 (60), 532 (65) and 1064 (110) 
Pulse duration, ns 8 
Repetition rate, Hz  10 
Optical system (UV branch) 
Interference filter wavelengths, nm (FWHM, nm /Tmax, %) 354.8 (1.0/57), 353.9 (0.8/59), 407.4 (1.0/67) 
Dichroic mirrors transmittance (T) or reflectance (R) , % (wavelength) 
 DM1 
 DM2 
 DM3 
 DM4 
 
R > 99% (< 410 nm) 
R > 15% (407.4 nm), T > 90% (< 360 nm) 
R > 96% (353.9 nm) 
R > 99% (355 nm) 
 
Elastic and Raman lidar signals are used for the retrieval of aerosol optical properties, but 
several corrections (such as background noise substraction) are applied as signal pre-processing 
before any retrieval algorithm. This pre-processing is standardized and validated by 
EARLINET-ACTRIS network  [26]. 
The algorithm for the retrieval of aerosol extinction (𝛼௔) and backscatter (𝛽௔) coefficient 
using elastic and Raman lidar signals was first shown by  [27] and then reviewed by  [28,29]. 
In this review, the temperature dependence of the Raman scattering is shown to be important 
under certain conditions. In this paper, this effect is neglected after taking into account the 
uncertainty introduced in the optical outputs. A quantification of such effect is shown in section 
3.1 in the same way as done in  [10] for 532 nm. For that reason, we show here Eqs. (1) and (2) 
for the calculation of 𝛽௔ and 𝛼௔ at each altitude z, respectively, as derived by  [28] and  [10]: 
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where the superscripts “m” and “a” indicate molecular and aerosol components of the 
coefficients, the subscripts “L” and “R” indicate the elastic and Raman received signals, P 
stands for the power of the backscattered signal, N is the molecular density, and z0 is the 
reference height, chosen so that 𝛽௔ሺ𝑧଴ሻ is negligible compared to 𝛽
௠ሺ𝑧଴ሻ. The factor 𝜎ோୣ୤୤ is 
the effective Raman backscattering cross section: 
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where 𝜎௅
௠  refer to the sum of all lines contributing to the molecular differential cross 
section, and 𝜉ோሺ𝜆ሻ  is the spectral transmission of the Raman filter. The factor 𝜎ோୣ୤୤  is a 
temperature-dependent factor, whose importance is evaluated in section 3.1.  
The approximation done in Eq. (2) is possible due to the small difference between elastic 
(λ୐) and Raman (λୖ) wavelengths, what means that ቀ
஛ై
஛౎
ቁ
୅୉ಉ
ൎ 1 independently of the assumed 
particle extinction-related Angström Exponent (𝐴𝐸ఈ). 
  
 3. Error estimation and assessment of signal quality 
In this section, three main error sources are analyzed in order to assess their effect on the 
uncertainty of the retrieved aerosol optical properties. 
3.1 Systematic error due to temperature dependence 
In Eqs. (1) and (2), the terms 
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on the effective differential cross section of the atmosphere (that contains the contribution of 
the individual RR lines of N2 and O2). Since the intensity of these lines are temperature-
dependent, the retrieved 𝛼௔ and 𝛽௔ profiles present a systematic error that could be significant 
if the temperature gradient with altitude is strong. This effect does not appear for vibrational 
Raman scattering, where both terms 𝑋ሺ𝑧ሻ and ∆𝛼 can be assumed to be 1 and 0, respectively. 
Authors in  [10] showed that this temperature effect is small for an emission at 532.12 nm 
and a pure-rotational Raman filter selecting a certain spectral range. They obtained a relative 
error in aerosol backscatter coefficient below 1 %, and absolute error of aerosol extinction 
coefficient below 2 Mm-1 for heights up to 10000 m. A similar procedure has been applied in 
the present work for a laser line at 354.75 nm and the transmittance of the implemented RR 
interference filter (described in section 2). For calculation of 𝜎ோோ
ୣ୤୤ at different temperatures, we 
replaced the integral in Eq. (3) by the sum of individual RR lines of N2 and O2 calculated in 
accordance with  [30] and weighted with the corresponding number density fractions in the 
atmosphere and the filter transmission curve (see Fig. 1). More details on the equations used to 
calculate the cross sections can be found in  [10] or in  [30]. We selected a temperature range 
of 230-300 K for the calculations, corresponding to heights up to around 10000 m. The 
temperature dependence was transformed into height dependence using 1976 US Standard 
Atmosphere model  [31]. 
For 𝛽௔, the relative error (𝜀ఉ) introduced if temperature dependence is neglected can be 
calculated from Eq. (1) as 𝜀ఉ ൌ
ఉೌିఉ೉సభ
ೌ
ఉೌ
, obtaining for high aerosol loads (𝛽௔ ≫ 𝛽௠) that 𝜀ఉ ൎ
௑ିଵ
௑
. We calculated this 𝜀ఉ with respect to the temperature at the reference height of 10000 m, 
using transmittance of our interference filter and temperatures varying in the range 230-300 K 
(or heights from 0 to 10000 m according to 1976 US Standard Atmosphere). The results are 
plotted in  Fig. 3(a), together with the used temperature profile, and it is observed that the error 
due to temperature effect can be up to 4% near the ground. Therefore, it can be concluded that 
we can neglect the temperature dependence for 𝛽௔  calculation, introducing an additional 
uncertainty of less than 4% for references height up to 10000 m. 
  
Fig. 3. (a) Relative error in 𝛽௔ and (b) absolute error in 𝛼௔, due to temperature variations with altitude, using 1976 
US Standard Atmosphere  [31] temperature profile. 
The absolute error introduced in 𝛼௔  if temperature dependence is neglected can be 
calculated according to Eq. (2) as ∆𝛼 ൌ
ଵ
ଶ
ௗ
ௗ௭
ln 𝜎ோோ
ୣ୤୤ሺ𝑧ሻ , using the same 𝜎ோோ
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height as calculated for 𝛽௔. The results of this simulation together with the used temperature 
profile are shown in Fig. 3(b), were we can see an always negative contribution up to -1.6 Mm-
1. This means that the uncertainty introduced by neglecting this term is less than 2% for 𝛼௔ > 
80 Mm-1. 
3.2 Random errors due to temporal averaging and inversion algorithm 
Statistical error in lidar analyses is mainly due to signal detection noises and to operational 
procedures such signal averaging  [1,32]. Moreover, there is error propagation due to the 
application of the algorithm for the inversion of particle optical properties, and thus the 
analytical calculation of the uncertainties becomes very complex. 
The usual technique to assess for this statistical error is based on Monte Carlo method, 
extracting new random lidar signals following a certain probability distribution with the 
measured mean and standard deviation. Then, a set of solutions are calculated with the same 
inversion algorithm from the generated signals, and the standard deviation is taken as the 
statistical error. This technique is accepted and systematically applied in EARLINET  [33].  
3.3 Elastic crosstalk avoidance 
Another possible error source is the measurement of some elastic signal by the detector at the 
RR channel. This is known as elastic crosstalk, and it could appear in our system due to the 
close RR and elastic wavelengths, and the bandwidth of the interference filters. This effect has 
been tested by analyzing both signals under cloudy conditions, when the elastic signal is very 
strong. In Fig. 4, the scattering ratio of the elastic signal, and the elastic and RR range-corrected 
signals (RCS) measured in an example of such test are depicted, together with the modeled 
molecular signal. During the measurement, some aerosol load was present until 4000 m above 
sea level (a.s.l.), and the cloud base was at 4500 m a.s.l. The strong enhancement of the elastic 
signal can be observed, with scattering ratio up to 500, while the RR signal remains 
 unperturbed. We can then be sure that the elastic crosstalk is negligible in our system even for 
strong elastic signals. 
 
Fig. 4. (a) Elastic scattering ratio at 355 nm and (b) range-corrected elastic (355 nm, black solid line) and Raman 
(353.9 nm, grey solid line) lidar signals in the presence of clouds; modeled molecular backscattering is indicated by 
dotted line. 
4. Test cases  
In this section we show several examples where we evaluated the performance of the new lidar 
setup. The examples correspond to measurements on 25th June 2018 during night and daytime. 
This case was selected because the aerosol load and type was the usual for Granada  [34], with 
aerosol optical depth (𝐴𝑂𝐷) around 0.35 at 440 nm and 𝐴𝐸஺ை஽ around 0.6 at 440-870 nm. We 
can see the evolution of the lidar RCS at 532 nm in Fig. 5(a), and of the 𝐴𝑂𝐷 and 𝐴𝐸஺ை஽ in 
Fig. 5(b), measured with triple photometer CIMEL CE318-T and obtained from Level 2.0 
AERONET  [35] (Version 2 algorithm) during daytime and using the algorithm described 
in  [36] during nighttime. It can be seen that the aerosol load was roughly constant during the 
whole day, with only a small decrease during the first hours of the night. 
 
Fig. 5. (a) Time evolution of measured lidar RCS on 25th June 2018 from day to nighttime. (b) 
Time evolution of 𝐴𝑂𝐷 at 440 nm and 𝐴𝐸஺ை஽ at 440-870 nm, measured with triple photometer. 
 With this dataset, we performed two different evaluations. Firstly, the nocturnal signals 
were averaged using different integration times with the aim of reducing the usual 30 min 
intervals. In the second part, diurnal signals were used to obtain profiles of optical properties, 
with a time resolution of 1 h. These profiles were then compared with the nocturnal ones, taking 
into account the small variations expected in the view of Fig. 5. 
4.1 Nighttime profiles 
Fig. 6 shows the retrieved optical properties, i.e., 𝛼௔, 𝛽௔ and 𝐿𝑅௔, for the time interval from 
20:34 to 21:04 UTC. The black thick lines stand for the profiles obtained from signals 
previously averaged for the whole period, as it was usually done for our VR lidar system. 
However, the increase of SNR due to RR detection allowed us to calculate the optical properties 
with integration times down to 1 min. The results are shown with dots in Fig. 6, and the 
differences observed with the 30-min-integrated profiles are up to 20 % for 𝛼௔ and 𝛽௔, and up 
to 30 % for LR. The average of the 1-min-integrated optical profiles (represented as dashed 
lines) differ less than 10 % for all profiles below 2000 m a.s.l., thus we could interpret the 1-
min differences as part of the real variability of the atmosphere. 
In Fig. 7, the time evolution of the 𝛼௔ and 𝛽௔ profiles with 1 min temporal resolution is 
shown. With this resolution, certain thin structures can be detected. This time resolution 
increase constitutes a clear improvement over the VR configuration, where the signals were too 
noisy to apply any optical retrieval algorithm for integration times less than 30 min  [22,23]. 
 
Fig. 6. Nocturnal profiles of particle backscatter (a) and extinction (b) coefficients and lidar ratio 
(c) for a 30-min time interval (thick lines), together with profiles obtained with 1-min resolution 
(dots) and their average (dashed lines). Black error bars correspond to random errors and blue 
error bars correspond to the temperature dependence contribution. 
  
Fig. 7. Temporal evolution of particle extinction and backscatter coefficients during a 
nocturnal period, with 1 min resolution. 
 
4.2 Daytime profiles 
For the diurnal measurements, it was necessary the use of hourly signal averages in order to 
increase the SNR. The resulting elastic and RR signals allowed the retrieval of aerosol optical 
properties with the Raman algorithm, a clear improvement compared with the noisy VR signals 
from the previous lidar configuration.  The overlap function could also be calculated using the 
method proposed in  [4]. The retrieval of such correction during daytime is an added value even 
to apply it to the elastic signals in Klett-Fernald inversion. In spite of this correction, the signal 
quality was not good enough to retrieve 𝛽௔ values below 320 m (1000 m a.s.l.) and 𝛼௔ values 
below 720 m (1400 m a.s.l.). Fig. 8 and Fig. 9 show the obtained 𝛼௔ and 𝛽௔ profiles from 8:14 
to 19:14 UTC with 1 h time resolution. The profiles do not cover the full aerosol layer (see Fig. 
5(a)) due to the lower quality of the diurnal RR signal at higher altitudes. However, the results 
allow the observation of the aerosol layer up to 2000-3000 m a.s.l. during the whole day, in 
terms of optical properties. 
In order to check the reliability of the retrieved profiles, the elastic signal was also processed 
with Klett-Fernald algorithm [2,3], although only 𝛽௔ can be compared using this method. For 
these elastic retrievals, the reference height (let us call it 𝑧଴,௄ி for Klett-Fernald algorithm) was 
selected between 6500 and 7000 m a.s.l. to ensure that 𝛽௄ி
௔ ൫𝑧଴,௄ி൯ ൎ 0 m-1sr-1 (see Fig. 5). The 
RR signals did not have enough quality at that height, and thus the reference height for Raman 
method (let us call it 𝑧଴,ோ) was selected in the range between 2500 and 3000 m a.s.l., calibrating 
the retrieved 𝛽ோ
௔ profiles so that 𝛽ோ
௔൫𝑧଴,ோ൯ ൌ 𝛽௄ி
௔ ൫𝑧଴,௄ி൯. The constant 𝐿𝑅௔ values selected for 
Klett-Fernald algorithm were between 55 and 80 sr, selecting in each case the average of the 
profiles obtained with Raman method. The validation for 𝛼௔ profiles was done by comparing 
their height-integral (𝐴𝑂𝐷௟௜ௗ௔௥) with the 𝐴𝑂𝐷 from AERONET (𝐴𝑂𝐷஺ாோ), interpolated to 355 
nm. 
The comparsion of 𝐴𝑂𝐷௟௜ௗ௔௥ versus 𝐴𝑂𝐷஺ாோ gave us mean differences of 30 %, being the 
minimum differences (around 15 %) in the latests hours, when the background signal is smaller. 
These differences are reasonable, taking into account that the first 720 m of the 𝛼௔ profiles 
were not included because of incomplete overlap effect in lidar (despite the correction applied). 
Additionally, the comparison between 𝛽௄ி
௔  and 𝛽ோ
௔ gave differences less than 10 % at altitudes 
from 1000 to 2000 m a.s.l. and less than 20 % for higher altitudes. 
  
 
Fig. 8. Particle extinction coefficient profiles retrieved with Raman signals during daytime for 
25th June 2018. Error bars correspond to random errors plus the temperature dependence 
contribution. 
 
Fig. 9. Particle backscatter coefficient profiles retrieved with Raman (solid lines) and elastic 
(dashed lines) signals during daytime for 25th June 2018. Error bars correspond to random errors 
plus the temperature dependence contribution. 
The last part of the diurnal profiling validation was to compare close retrievals, one 
corresponding to daytime and another to nighttime. This is the case of 18:14 – 19:14 UTC 
(daytime) and 20:34 – 21:04 (nighttime). We have also chosen this comparison to show an 
example of the measured lidar range-corrected elastic and RR signals for day and nighttime. In 
Fig. 10 those signals are plotted and compared with the molecular RCS as in the ‘Rayleigh-fit’ 
quality assurance test that is standardized in EARLINET  [37]. A moving average of 150 m and 
375 m has been applied for elastic and RR signals, respectively. It can be observed in this Fig. 
that all signals fit with the molecular RCS for clean air (above around 5000 m a.s.l.). 
  
Fig. 10. Rayleigh-fit plot of daytime (18:14-19:14 h UTC) and nighttime (20:35-21:04 h UTC) 
lidar elastic (a) and RR (b) normalized range-corrected signals. 
Optical properties, together with the calculated overlap function are shown in Fig. 11. There 
is an evident agreement between diurnal and nocturnal profile, except for the 𝛽௔ above 2500 m 
a.s.l. However, it can be seen in the RCS time evolution (Fig. 5) that the aerosol load in this 
part of the profile actually disappears during nighttime. 
 
Fig. 11. (a) Overlap function, (b) particle extinction coefficient and (c) particle backscatter 
coefficient retrieved with RR signals during two close intervals for 25th June 2018. Black, solid 
lines stand for daytime profiles (18:14-19:14 h UTC) and red, dotted lines stand for nighttime 
profiles (20:35-21:04 h UTC). Black error bars correspond to random errors and blue error bars 
correspond to the temperature dependence contribution. 
  
 5. Summary and conclusions 
A new setup has been implemented in the already existing Raman lidar MULHACEN at 
Granada station. This system used to measure vibrational Raman signals of molecules for the 
emission wavelengths of 355 and 532 nm. With few and simple instrumental modifications, a 
new interference filter has been installed in order to measure rotational Raman signal at 353.9 
nm (corresponding to emission at 355 nm). The main advantages of measuring pure rotational 
Raman signals are the enhanced SNR and the negligible wavelength shift between elastic and 
Raman returns. 
With this upgrade, MULHACEN is now able to provide improved measurements. These 
new measurements have been proved to have enough quality to obtain particle backscatter and 
extinction coefficient profiles during the daytime (with a time resolution of 1h) and during 
nighttime (with an improved time resolution up to 1 min). We assessed the different error 
sources with the conclusion that the only significant uncertainty that has to be added to the 
statistical uncertainty is less than 2 % and 4 % for 𝛼௔  and 𝛽௔ , respectively, due to the 
temperature dependence of the signals. 
We compared diurnal retrievals under typical aerosol load conditions, obtaining mean 
differences less than 30 % with photometer retrievals (without considering the incomplete 
overlap region for lidar) and less than 20 % with elastic retrievals. As an added value, we were 
able to calculate the correction for the incomplete overlap (overlap function) during daytime. 
Nocturnal retrievals with 1-min time resolution showed to reflect the variability of the 
atmosphere without losing the quality of the usual 30-min-averaged profiles. 
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